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Abstract
Shorter product and market life cycles with reduced forecast accuracy and frequent new product launches demonstrate the 
necessity of appropriate measures to increase the market adaptability of manufacturing enterprises. Depending on the extent of
changing market demands the product and production process innovation is a necessity for market adaptability. In order to realize 
a product and production process innovation, specific product and production process technologies are needed. This article 
analyzes and defines four most promising technological success factors to increase the market adaptability within a multi-variant 
serial production. In order to analyze and define the technological success factors for adaptability, the model "Patterns of 
Industrial Innovation" by William J. Abernathy and James M. Utterback is further developed. The aim is to achieve a more 
efficient and effective multi-variant serial production. Therefore, the developed model illustrates how to response to the 
increasingly dynamic and partially unpredictable market situation in a competitive way. It can be demonstrated that enterprises 
can increase their adaptability within a multi-variant serial production through simultaneously pursuing the four technological 
success factors. Finally, it is shown a mathematical description of these identified four technological success factors. This
enables manufacturing enterprises to quantify and assess their actual condition as well as the definition of targets to increase their 
adaptability within a multi-variant serial production. 
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Many manufacturing enterprises are part of an increasingly 
dynamic and partially unpredictable market situation. This is
shown through shorter product and market life cycles with 
reduced forecast accuracy and frequently new product 
launches. [1,2,3] These circumstances lead often to a multi-
variant serial production which indicates clearly the limits of 
the mass production model [4,5,6,7,8]. The conclusion is that 
rigid enterprises encounter on significant problems in the 
described turbulent environment. Therefore, one important 
factor for success and competiveness in a multi-variant serial 
production is the efficient and effective management of 
regularly product changes [8,9]. Hereby the implementation 
of a new product generation into manufacturing systems and 
into the market can be reached in shorter times, with higher 
quality and lower costs. [10] The result is an increasing
adaptability [3], which is characterized as “a systems 
capability to adapt itself towards changing environments to 
deliver its intended functionality” [11]. 
Although a lot of research has been conducted around this 
topic, the problem of product change management to improve 
the adaptability has not been completely addressed yet [10]. 
Especially a consistent framework, which allows the selection 
and evaluation of enterprise specific measurements to 
improve the adaptability on market demands has not yet 
explicitly considered. This demands success factors for
adaptability, which enable the development and expansion of 
competitive advantage within a multi-variant serial 
production. 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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2. Innovation as response to turbulences
The grade of adaptability within a multi-variant serial 
production depends in particular on the product development 
and production process. These processes determine the 
possible reaction on turbulences in regard to the market 
demands. [6,12] Depending on the extent of changing market 
demands the product and production process innovation is a 
necessity for market adaptability. In order to realize a product 
and process innovation, specific product and process 
technologies are needed. The definition of these requires 
technological success factors that demonstrate the procedure 
or strategic direction to reach a higher adaptability within a 
multi-variant serial production.
In order to derive and define the technological success 
factors for market adaptability, the model "Patterns of 
Industrial Innovation" [13] can be used. It is one of the most 
important models to explain the patterns of technology 
development [14], which describes the profile of the typical 
rate of product and (production) process innovation. As 
shown in Fig. 1, the model is described by three phases. To 
pass through the phases, specific product and process 
technologies are necessary. [13]
Fig. 1 Dynamics of innovation [13]
Phase 1 is characterized by a low rate of process 
innovation and a high rate of product innovation, which 
results from a frequent launch of new product technologies. In 
this phase, the company is trying to meet individual customer 
requirements with a particular functional range. The product 
is innovative because it represents on the one hand a new 
benefit or first-time problem solution for the customer. On the 
other hand competitors are not yet able to master the 
production of this product in the same extent. Because of this 
innovative product character and a small quantity production, 
the production processes are still inefficient and require a high 
degree of flexibility. [13,14,15]
Within Phase 2 the production quantity is increasing. 
Through a growing market acceptance of the product a 
recognizable product standard is reflected, which is imitated 
by competitors. The result is an intense price competition. To 
enhance the competitiveness, the rate of process innovation 
has to increase. The goal is to achieve an increased efficiency 
in the production processes to reduce production costs. This 
can often be reached by using new production process 
technologies but also by organizational measures. At the same 
time, the product innovation falls because of the increasing 
product standardization. Therefore, the products no longer 
represent a unique selling proposition. [13,14,15]
In Phase 3 the rate of product and process innovation is on 
a low level. The aim is to produce a very specific product at a 
high level of efficiency. Products are highly defined, and 
differences between products of competitors are low. Profits 
can be achieved by consistent increases in productivity as a 
result of standardization efforts and organizational measures. 
[13,14,15]
Along the three phases of the product innovation curve, a 
course can be identified, which begins in Phase 1 with trying 
to adapt through a high rate of innovation to market demands. 
The course ends in the third phase with a state of adaptedness
to market demands through standardized and highly defined 
products. The same course can be seen in the delayed process 
innovation curve. In Phase 3 the process innovation ends in a 
state of adaptedness to market demands, through standardized 
high efficient manufacturing processes. 
If this model is applied to the problem of the turbulent 
environment, we see that manufacturing enterprises with a 
multi-variant serial production have to pass the phases more 
frequently. In fact, the adaptedness can be seen as a dynamic
factor. From this description it can result the challenge of an 
interlinking of the described Phase 1 (P1), Phase 2 (P2) and 
Phase 3 (P3) (see Fig. 2). If it is possible to pass the Phases 1 
to 3 within the enterprise faster, a more rapid introduction of 
new product variants is possible. If it is possible to reach 
phase 3 earlier than the competitors, the result is a competitive 
responding to shorter product life cycles, or changing specific 
customer requirements and orders. The fast achievement of 
Phase 3 enables a more efficient production, so that the 
increased competition and the rapid price decline can be 
encountered in a competitive way. Due to this competitive 
advantage the rate of product innovation, which is perceived 
by the market, remains. The internal rate of product 
innovation is thereby already low (see on the right in Fig. 2).
Fig. 2 Interlinking of innovation development
In order to achieve an increasing interlinking, there has to 
be a faster adaptation process to achieve a more rapid 
adaptedness. As mentioned, the adaptedness must be 
understood as a dynamic size because of the described 
turbulences. An enterprise that has to counteract the described 
turbulences can never have a permanent optimal adaptedness. 
Enterprises rather lose their adaptedness, so that they have to 
pass the adaptation process, which is described by the Phases 
1 to 3, regularly. 
The ability to pass through the course from adaptation to 
adaptedness repetitive successfully can be described as 
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adaptability in terms of market requirements [16]. This 
adaptability pursues the objective to hold appropriate 
alternatives to find optimal ways to adapt. For this aim a
purposeful “reaction scope” is necessary, which describes a 
target-oriented flexibility or range of potential alternatives to 
act. [17, 18] However, despite the purposive reaction scope,
emerging opportunities can be missed or risks cannot be 
avoided if the alternatives to act are not available at the time 
they were needed [18]. This means, the required or the 
sufficient degree of adaptability will not be reached, when the 
phases are run too slowly and thus no timely adaptedness is 
achieved. In fact, for an optimal adaptability a sufficient speed 
or “reaction time” is also necessary that can be used to 
respond to an increasingly dynamic and partially 
unpredictable market situation [17, 18]. This reaction time is 
described by the period of realization of a need for action until 
the occurrence of an effect [17].
In summary, two directions can be identified to derive the 
technological success factors for adaptability. As shown in 
Fig. 3, the success factors must build up or expand a 
purposeful “reaction scope” and a corresponding “reaction 
time”.
Fig. 3 Directions to derive technological success factors for adaptability
In the following, the technological success factors are 
defined, which have to build up or expand for adaptability. 
For this, only Phases 1 and 3 are considered more detailed. 
The reason is since Phase 1 and 3 represents the 
comprehensive target to fulfill on one hand changing 
individual customer requirements and on the other hand a 
high manufacturing efficiency.
3. Technological success factors in product innovation
In the first step, the technological success factors for 
product innovation are defined. For this, the product-oriented 
characteristics of Phases 1 and 3 (see the rate of product 
innovation in Fig. 1) are used.
In Phase 1, the fulfillment of individual customer 
requirements is paramount. [13] Through an appropriate 
product design, products can be flexibly assembled through 
pre-developed standardized product elements. In addition, 
these are easy to replace for other product variants. [19] 
However, the assembling of pre-developed standardized 
product elements does not necessarily match the customer 
requirements. [20] Therefore, the product elements have to be 
developed in an intelligent way, that customer requirements 
can be optimally fulfilled. This implies possible adjustments 
to yet unknown, special or surprising changing customer 
requirements. [19,20] In fact, there has to be a sufficient 
reaction scope to meet a variety of different and changing 
customer requirements in a relatively short time period. From 
a product-oriented perspective sufficient product variety is 
necessary. Depending on the product flexibility or rather the 
adaptation potential, changing customer requirements can be 
considered and realized through customized products.
In Phase 3, the company is under pressure to reduce the 
production costs. The result is the demand for 
undifferentiated, standardized products [13,14]. The 
standardization aims for a reduction of functionally identical 
items, so that a solution for the product design and product 
elements is specified [21]. This constitutes a planning and 
development support, which allows spending more time on 
innovative and creative tasks as well as for unforeseen 
incidents. Through this product standardization, the reaction 
time can be increased because of the avoidance of redundant 
and unnecessary work as well as the usage of existing 
experience. [22] However, the standardization should not only 
base on functionally identical product elements, but also 
functionally divergent elements. Therefore, a high number of 
standardized common parts within different product variants
must be used. This is expressed by the product commonality. 
This describes the extent of the cross-product usage of the 
same product elements, so that product variants can be 
realized from existing product elements. [19,8] This enables a 
level of stability in the product innovation process, which 
makes the introduction of new product generations or product 
variants faster, cheaper and it ensures a higher product quality 
[7].
4. Technological success factors in process innovation
In the following section the technological success factors 
for the (production) process innovation will be defined. For 
this, the process-oriented characteristics of Phases 1 and 3 
(see the rate of process innovation in Fig. 1) are used.
Phase 1 requires the fulfillment of differentiated customer 
requirements through a flexible production. The consequences 
are a low predictability of customer and market requirements 
as well as frequent changes and adjustments in the production
process. [13] Through this unpredictability results the risk of 
an uncompetitive responding on the requirements due to 
inadequate means of production. The scope of manageable 
custom-designed products is determined by the available 
production processes within the company [12]. For this 
purpose, the objective is to meet the largest possible number 
of varying short-term product variants or product 
modifications and adjustments. To be able to build up and 
expand the reaction scope, the means of production have to 
fulfill a sufficient and purposeful process variety.
In Phase 3 only low production costs result due to the 
availability of efficient and highly productive production
processes and means of production [13]. With the shift of 
Phase 3 in the direction of Phase 1 (as shown in the right of 
Fig. 3) the production processes must reach this state much 
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faster. In fact, every newly introduced product version or 
product innovation must reach this state much faster. In the 
ideal case, the existing standardized and highly productive 
production processes should not be changed, but rather be 
used directly for each new product variant. Based on this, 
high process utilization and experience curve effects are 
reached immediately. The results are lowered production
costs. It can be assumed that with a decreasing change effort 
of the production processes the adaptedness increases. By a 
low change effort the existing standardized and highly 
productive production processes can be used immediately or
much quicker. No affect on the adaptedness has the setting-up 
process because this relates to the existing production process 
and an existing means of production. In fact, it is only a one-
time preparation of the process for the task fulfillment, and –
if necessary – a returning of the process to its original state. In 
practice, this could be the adaptation of tools, devices, or 
measuring and testing equipment of existing means of 
production. The existing production processes or means of 
production are not changed or rescheduled. [23] It can be 
deduced that the production processes must ensure a high 
process readiness. Through this, varying customer 
requirements in terms of product type and quantity can be met 
in an efficient and highly productive way by using existing, 
standardized production processes.
In summary four technological success factors result to 
enhance the adaptability within a multi-variant serial
production. To expand the reaction scope the “product 
variety” and the “process variety” have to be increased. To 
expand the reaction time the “product commonality” and 
the “process readiness” have to be increased. This approach
is shown in Fig. 4. Through their synergistic tracking it is
possible to react more competitive in the increasingly
dynamic and partially unpredictable market situation. 
Fig. 4 Technological success factors for adaptability
4. Quantification and assessment
The following shows a mathematical description of these
four technological success factors for adaptability.
In order to determine the degree of product commonality
the variety of items which are used in all variants of the 
considered product group must be evaluated. In addition of 
this evaluation, the assessment of the production or sourcing
cost of each item is appropriate. Therefore, the degree of 
product commonality depends also on the production or
sourcing costs. 
As defined by Schuh et al. the degree of product 
commonality is expressed by the following equation: [19] 
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KPA = Degree of product commonality [-]
Hbi = Production or sourcing cost of item i [EUR]
Abi = Sales volume of item i within the considered time
interval [quantity unit]
Abges= Sales volume of all parts of the considered product
group within the considered time interval [quantity 
unit]
m = Number of all parts of the considered product group
within the considered time interval [quantity unit]
The theoretical optimum of the product commonality (KPA)
is reached with the value one. This results if all variants of the 
considered product group consist of only one standardized 
item. To reach this target, the difference between Abges and 
Abi should decrease for all parts of the considered product 
group (m). Beyond all parts of the considered product group 
(m) the optimum for the ratio between Abi and Abges is the 
value one. In contrast, the parameter KPA runs against the 
value zero if the difference between Abges and Abi increases
beyond all parts of the considered product group (m). In this 
case, the variants of the considered product group are 
manufactured from increasingly more different product items. 
Additionally to this assessment, the product commonality 
(KPA) is assessed by the production or sourcing cost of item i 
(HBi). The higher the production or procurement costs of each 
individual part, the more negative the value of the product 
commonality (KPA) is weighted. This means that items with a 
relatively low frequency re-usage and relatively high 
production or procurement costs degrade the degree of 
process commonality. [19]
To evaluate the degree of the product variety, all product 
items which are used within the considered time interval to 
configure the variants of the considered product group have to 
be considered. In fact, two subsets of each configured product 
variant have to be observed. The first subset represents the 
part of a product variant that is configured from standardized 
product elements and thus the existing reaction scope. The 
second subset cannot be configured through standardized 
product elements and the existing reaction scope. So the 
product elements of the second subset must be developed and 
manufactured individually. The theoretical optimum of the 
product variety is achieved when all of the considered product 
variants can be configured from standardized product 
elements. [19] The reaction scope is therefore as higher, as 
independent the product structure is from various customer 
requirements [17]. 
Based on this explanation, the product variety can be 
evaluated by the following equation:
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FPA = Degree of product variety [-]
ABSV = Sales quantity of the product item of the considered
product variant i within the considered time
interval which does not deviate from the
defined product standard [quantity unit]
AbV = Sales quantity of all considered parts of a product
variant i within the considered time interval. 
[quantity unit]
v = Number of all sold different variants of the
considered product group within the considered 
time interval [quantity unit]
The degree of the product variety (FPA) increases with an 
increasing sales quantity of product items which does not 
deviate from the defined product standard (ABSV). The 
theoretical optimum of the product variety (FPA) is reached 
with the value one. This results if the value ABSV is equal 
with AbV, within the considered time interval and beyond all 
sold different variants of the considered product group (v). In 
contrast, the worst case with the value zero for the product 
variety (FPA) is reached if the parameter ABSV has the value 
zero. In this case all sold product items of all considered
product variants within the considered time interval are 
customized. It can be proceed that the existing reaction scope
or the degree of the product variety (FPA) is not sufficient. 
To evaluate the degree of the process readiness the 
amount of changed production process steps has to be 
considered. The number of the possible changes amounts 
always twice the sum of the existing or new-added production
process sequences. This can be defined because in each 
process sequence two means of production are involved. In 
consequence, to evaluate the process readiness, each 
production process change in regard to the process sequence 
has to be considered. Fig. 5 gives an example for the 
evaluation of this parameter. Through the flash a changed
production process is illustrated. Thus, at the mean of 
production with the no. 1 a change is necessary. But only one 
part of the process sequence is changed. As next example, the 
process sequence between no. 2 and no. 3 is changed. This 
change has an impact on both process steps or the means of 
production. In total, three changes can be calculated. 
Similarly, each other production process change can be 
determined. 
Fig. 5 Assessment of the degree of process readiness
According to this explanation, the degree of process 
readiness can be assessed as described by the following 
equation:
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PVE = Degree of process readiness [-]
ZAS = Sum of all changed / new scheduled process steps
in terms of their process sequences for sales order i
[quantity unit]
ZAP = Sum of all necessary process steps in terms of their
process sequences for sales order i [quantity unit]
k = Number of sales orders within the 
considered time interval [quantity unit]
Thus increases the value of the process readiness (PVE)
with a decreasing number of production process changes 
(ZAS). The theoretical optimum is reached when beyond all 
customer orders within the considered time interval (k) the 
sum of changed production process steps (ZAS) is zero. In this 
case the process readiness (PVE) has the value of one. In 
contrast, the degree of process readiness (PVE) decreases, if 
the value of ZAS tends to the value of the sum of all necessary 
process steps (ZAP). The theoretical worst degree of the 
process readiness (PVE) is reached with the value zero. This is 
achieved when beyond all customer orders within the 
considered time interval (k) the values of ZAP and ZAS are 
equal. In this case, none of the existing production processes 
is appropriate to fulfill the customer requirements. Thereby, 
for each new customer order all production processes have to 
be new planned and implemented within the considered time 
interval.
To determine the degree of the process variety the 
impacting complexity from market site has to be considered. 
To encounter these requirements, the process variety must be 
at least as large as the needs for flexibility required by the 
market [18]. This can be achieved for example by a high 
mobility of the means of production or a compatibility of 
different means of production [9,12]. In summary it can 
concluded, that the production processes can be constructed 
from existing resources to fulfill the customer order in a 
suitable way. In terms of the production planning, this is 
possible if no classic investment measures for purchasing of 
buildings, storage facilities or new machines as well as for 
hiring of new employees are necessary. Therefore, no
examination for any economic favorability of new purchases 
and hiring new employees is necessary. [24] Furthermore, the 
process variety also depends on the existing or available 
supply network, which gives access to technologies or 
capacities of other manufacturers. This is possible if no 
expenses for supplier identification, supplier definition, 
supplier analysis, supplier pre-selection and supplier selection 
are required (see in detail [25]). 
According to this explanation, the degree of process 
variety can be determined as described by the following 
equation:
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PV = Degree of process variety [-]
APN = Sum of process steps which are required by the 
sales order i and can fulfilled with available or
existing resources [quantity unit]
APG = Sum of all process steps which are required by the 
sales order i [quantity unit]
w = Number of customer orders within the considered
time interval [quantity unit]
The optimal degree of process variety (PV) is reached with 
the value one. In this case all sales orders within the 
considered time interval (w) can be fulfilled with available or 
existing resources which are necessary to run the required 
process steps (APN). This requires that the sum of all process 
steps which are required by the sales orders (APG) can be 
fulfilled. The worst degree of the process variety (PV) is 
achieved with the value zero. In this case all customer orders
within the considered time interval (w) cannot be fulfilled 
with available or existing resources which are necessary to 
run the required process steps (APN). That means none of the 
required process steps which are necessary to fulfill the sales 
order can be realized through available or existing resources.
Conclusion
In this publication is shown, that the adaptability of
manufacturing enterprises with a multi-variant serial 
production can be enhanced by the synergistic pursuit of four 
technological success factors. These are the “product variety”, 
the “product commonality”, the “process variety” and the 
“process readiness”. With help of the presented approach an 
appropriate evaluation of the adaptability is possible. For this 
purpose, the assessed actual states and the defined target
states can be entered for example in a spider graph. In 
according to the presented equations, the assessment varies 
between the scales from zero to one. The theoretical optimum 
is achieved when all four factors reach the degree with the 
value one. In contrast, the theoretical worst state is reached
with the value zero. Limitations of this approach are given 
through the dichotomy of the technological success factors. In 
order to resolve the dichotomy an intelligent combination of 
methods within the product development and the production 
processes are necessary (compare [1]). 
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